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and Altered Hematopoiesis
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Paul S. Frenette,* Tanya N. Mayadas,² rolling. The other endothelial selectin, E-selectin, is not
stored, but requires de novo synthesis following stimula-Helen Rayburn,³ Richard O. Hynes,³§
tion. It is therefore thought to be expressed on the mem-and Denisa D. Wagner*
brane of endothelial cells only under inflammatory con-*Center for Blood Research
ditions. E-selectin also promotes the interaction ofDepartment of Pathology
leukocytes with endothelium. The role of E-selectin inHarvard Medical School
leukocyte rolling in vivo is controversial (Olofsson et al.,Boston, Massachusetts 02115
1994; Ley et al., 1995).§Howard Hughes Medical Institute
In the past three years, mice lacking each of the selec-³Center for Cancer Research
tins have been described. P-selectin-deficient miceDepartment of Biology
have virtually no leukocyte rolling upon exteriorizationMassachusetts Institute of Technology
of the mesentery, and the extravasation of neutrophilsCambridge, Massachusetts 02139
in these animals is delayed in thioglycollate-induced²Brigham and Women's Hospital
peritonitis (Mayadas et al., 1993). L-selectin deficiency,Department of Pathology
in addition to defects in lymphocyte homing to lymphoidHarvard Medical School
tissues, also delays thioglycollate-induced peritonitisBoston, Massachusetts 02115
and reduces leukocyte rolling (Arbones et al., 1994).
Mice lacking E-selectin, in contrast, were reported to
have no defect in models such as thioglycollate-inducedSummary
peritonitis unless anti-P-selectin antibodies were in-
fused, suggesting overlapping functions of P- andWe describe the phenotype of mice lacking both endo-
E-selectins (Labow et al., 1994). The differences amongthelial selectins after sequential ablation of the genes
the three strains of mice lacking each of the selectinsencoding P- and E-selectins. In contrast with the
show that, despite some overlapping functions, theyrather mild phenotypes observed in mice deficient in a
play distinct roles in vivo.single selectin gene, the doubly deficient mice present
Two known human clinical syndromes result from de-extreme leukocytosis, elevated cytokine levels, and
ficiencies in leukocyte adhesion molecules. Leukocytealterations in hematopoiesis. Granulocytopoiesis is in-
adhesion deficiency type 1 (LAD-1) stems from defectivecreased both in bone marrow and spleen, while eryth-
b2 integrins. The disease is manifested by recurrentropoiesis is partially translocated to the spleen. Virtual
bacterial and fungal infections without pus formation
lack of leukocyte rolling and low extravasation at sites
and deficiencies in wound healing (Anderson and
of inflammation make these animals susceptible to
Springer, 1987). LAD-2 results from a defect in the syn-opportunistic bacterial infections, to which they suc-
thesis of fucosylated carbohydrates, among which arecumb. Our results show that the absence of endothe-
the ligands for the selectins (Etzioni et al., 1992). The
lial selectins severely affects leukocyte homeostasis
clinical manifestations of LAD-2 are complex and in-
and indicate that these two selectins are as important
clude developmental defects and recurrent bacterial in-
for normal leukocyte function as are the leukocyte b2
fections (Frydman et al., 1992). Neutrophilia is conspicu-
integrins. ous in both disorders. Further analyses of these rare
diseases would be enhanced by development of animal
models.
Introduction We report here the characterization of P- and E-selec-
tin doubly deficient mice generated by two rounds of
The emigration of white blood cells to inflammatory sites homologous recombination in embryonic stem (ES)
is believed to require at least four defined steps: leuko- cells. These mice display a phenotype reminiscent of
cyte rolling along activated endothelium, leukocyte acti- LAD patients, including defects in leukocyte extravasa-
vation, firm adhesion, and transendothelial migration tion at sites of inflammation as well as susceptibility
(Butcher, 1991; Springer, 1995). Several types of adhe- to opportunistic bacterial infections. They also exhibit
sion molecules are involved in this sequential process, alterations in hematopoiesis, with elevated levels of he-
but their relative importance remains unclear. The selec- matopoietic cytokines. These phenotypic characteris-
tin family of genes, clustered on chromosome 1, con- tics reveal broader roles for the endothelial selectins
tains three members with a common structure con- than had been suspected.
taining an N-terminal lectin domain (McEver et al., 1995;
Tedder, 1995). L-selectin is found constitutively on most Results
leukocytes. Originally recognized as a lymph node hom-
ing receptor, it has also been shown to participate in Generation of P- and E-Selectin
adhesion of leukocytes to endothelium and leukocyte Double-Deficient Mice
rolling. P-selectin is stored in a granules of platelets The proximity of the genes encoding the selectin family
and Weibel±Palade bodies of endothelial cells. Rapid (within 300 kb) precludes production of doubly deficient
translocation to the plasma membrane occurs upon ac- mice by mating singly deficient animals. Therefore, mu-
tants for both vascular selectins were engineeredtivation. P-selectin is an important mediator of leukocyte
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Figure 1. Targeting Strategy and Genotyping
of Progeny from Double Heterozygous
Crosses
(A) The wild-type E-selectin locus is shown
in the upper line. To construct the targeting
vector, the hygr cassette was inserted into
7.1 kb of E-selectin sequence. The exons en-
coding the signal peptide, lectin domain, and
part of the EGF domain were deleted in this
process. Although HSVtk sequences were in-
cluded at both ends of the targeting vector,
negative selection with gancyclovir was not
used owing to toxicity. Resistant clones were
screened with a 59 probe that identifies the
targeted 8.6 kb mutant and 6.7 kb wild-type
SacI bands. Targeted clones were verified
with AccI and NcoI.
(B) Southern blot analysis of E-selectin locus
from a SacI digest and PCR analysis for the
P-selectin null mutation. Genomic DNA was
extracted from tail biopsies of a representa-
tive litter. The fragment sizes are indicated.
The first lane shows a digest of an ES cell
clone, heterozygous for E-selectin, for com-
parison. The lower panel shows a PCR assay
for P-selectin. The 480 bp band represents
the targeted allele. These null mutations seg-
regate together during meiosis.
through a second round of gene targeting by homolo- of wild-type genotype, indicating the presence of the
desired double mutation in cis. The resulting doublygous recombination in ES cells that were heterozygous
for a P-selectin mutation (Mayadas et al., 1993). To make heterozygous animals were inter-crossed to obtain via-
ble doubly deficient homozygous mice (Figure 1B).the targeting vector (Figure 1A), we removed a 1.9 kb
genomic sequence containing exons encoding the sig- Double mutants, either heterozygous or homozygous,
showed no differences in weight and reproductive abilitynal peptide, the lectin domain, and part of the epidermal
growth factor (EGF) domain and replaced it with a hygro- compared with wild-type littermates. The tail length of
these mice was also comparable, suggesting that themycin B resistance gene driven by phosphoglycerate
kinase promoter (PGK-hygr). The replacement vector in- development of even the longest blood vessels is not
impaired in double-deficient mice. Offspring from inter-cluded 3.2 kb and 3.9 kb of genomic DNA flanking the
PGK-hygr. crosses of heterozygous mice were 26% (110 of 426)
double homozygotes, 48% (206 of 426) heterozygotes,ES cells were electroporated, and 1326 resistant
clones were picked. Four homologous recombination and 27% (113 of 426) wild-type, indicating that intact
P- and E-selectin genes are not required for embryonicevents were detected by Southern blot analysis (Figure
1B). Highly chimeric animals were generated from these angiogenesis or survival after birth.
clones. Two of the four clones transmitted the mutation
to their offspring. Germline transmission from one clone Verification of Null Alleles for
P- and E-Selectinproduced either P-selectin-deficient heterozygotes or
E-selectin-deficient heterozygotes, indicating a recom- We have previously shown that the P-selectin mutation
is a null mutation (Mayadas et al., 1993). To test whetherbinational event in trans. The progeny transmitted
through the germline of chimeras from the second clone intact E-selectin mRNA is produced by P- and E-selectin
double mutants (P/E2/2) and E-selectin mutants (E2/2),were either heterozygous for both P- and E-selectins or
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domain (data not shown) showed no message in P/E2/2
animals. No expression of wild-type E-selectin message
was seen in E2/2 mice (data not shown). We performed
reverse transcriptase±polymerase chain reation (RT±
PCR) to detect even low levels of E-selectin mRNA.
A product from wild-type, E2/2, and P/E2/2 mice was
obtained using primers from the second complement
repeat region and the transmembrane domain (data not
shown). However, no cDNA could be amplified from
homozygous mutant tissue RNA with primers derived
from the lectin and EGF domains (Figure 2B). Hearts
from LPS-treated wild-type mice showed positive immu-
nofluorescent staining for both P- and E-selectins in
capillaries and small venules, whereas no detectable
specific staining for E-selectin or P-selectin was visible
in stimulated endothelium of double mutants. Likewise,
no E-selectin protein was detectable in E2/2 mice with
normal P-selectin expression (data not shown).
To verify theexpression of L-selectin, leukocytes were
labeled with the L-selectin antibody, MEL-14, and anti-
aM antibodies. P/E2/2 mice presented increased num-
bers of neutrophils, all of which expressed normal levels
of Mac-1. Two populations of neutrophils were found
with regard to L-selectin expression, with about half
of the cells showing normal levels and the rest being
negative for L-selectin (data not shown). This may be
due to shedding of L-selectin by activated or senescent
circulating neutrophils. Nonetheless, the L-selectin
gene, which lies between the mutated P- and E-selectin
genes, remains functional.
P- and E-Selectin Double-Deficient Mice
Exhibit Pronounced Leukocytosis
and Splenomegaly
To determine whether lack of both endothelial selectins
would influence leukocyte counts, peripheral blood cells
were quantitated and leukocyte subpopulations were
Figure 2. mRNA Analyses of Endothelial Selectins assessed (Table 1). We found a mean 3.9-fold elevation
(A) Northern blot. Total RNA from LPS-treated wild-type (1/1), dou- of total leukocytes in the double mutants compared with
ble-heterozygous (1/2), and double-homozygous (2/2) mice was wild-type counterparts. Mature polymorphonuclearisolated from the hearts (H) and lungs (L). Samples were electropho-
neutrophils were increased more than 16-fold and repre-resed on a 1.2% agarose±0.66 M formaldehyde gel and sequentially
sented more than 50% of leukocytes. Absolute numbershybridized with the rat E-selectin, mouse P-selectin, and mouse
b-actin probes. The 28S and 18S bands were comparable after of monocytes, eosinophils, and lymphocytes were also
staining the gel with ethidium bromide (data not shown). elevated (Table 1). No immature forms were seen on
(B) RT±PCR analysis. cDNA conversion was achieved from cardiac blood films of P/E2/2 animals. The hemoglobin levels
and pulmonary total RNA of 1/1, 1/2, and 2/2 mice using oligo(dT) and reticulocyte and platelet counts of P/E2/2 mice were
as primer. A product was obtained using primers downstream to
comparable with those of wild-type littermates. Bloodthe deletion (primers 1 and 2; data not shown). While a wild-type
counts were normal (total leukocytes, 5800 6 600; neu-band (160 bp) was produced from cDNA of 1/1 and 1/2 mice using
a set of three primers (3, 4, and 5), no product was detectable from trophils, 737 6 150, n 5 10) in E2/2 mice.
cDNA of 2/2 mice. The mutant band (315 bp), generated by primers To test for leukocytosis throughout the life of double-
4 and 5, was not detected in 1/2 and 2/2 cDNA, showing that no mutant mice, we harvested blood from neonatal mice
stable readthrough message is produced from the mutated (less than 18 hr old) and determined neutrophil numbers.
E-selectin locus. The lower band in each lane represents primer
Even at this young age, total leukocyte counts weredimerization.
increased in double-deficient mice, mainly due to a
3.3-fold increase in neutrophil numbers (2720 6 528
[n 5 9] for wild type; 9010 6 927 [n 5 13] for P/E2/2;we treated mice with lipopolysaccharide (LPS) to induce
expression of E-selectin and up-regulation of P-selectin p < 0.001).
These abnormalities suggest a role for both P- and(Bevilacqua et al., 1987; Sanders et al., 1992). Northern
blots (Figure 2A) did not show any transcript of wild- E-selectins in leukocyte homeostasis and imply that
E-selectin can be expressed without obvious infectiontype size for either P- or E-selectin in double mutants.
A faint 3.0 kb band (Figure 2A) may represent an aberrant or inflammation. To examine this possibility, we isolated
RNA from several organs of healthy wild-type mice. Bymessage. Rehybridization with a probe from the lectin
Cell
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Table 1. Peripheral Blood Counts
Fold
Blood Cell Types Wild Type P/E2/2 Increment p Value
Total leukocytes (per ml) 6000 6 800 23100 6 2000 3.9 ,0.001
Neutrophils 824 6 91 13625 6 1450 16.6 ,0.001
Monocytes 180 6 25 1757 6 411 9.8 0.002
Eosinophils 93 6 24 567 6 155 6.3 0.009
Lymphocytes 4919 6 750 7368 6 619 1.5 0.03
Platelets (3103/ml) 821 6 103 1021 6 103 Ð 0.2
Hemoglobin (g/l) 157 6 1 158 6 1 Ð 0.9
Reticulocytes (%) 2.9 6 0.4 2.8 6 0.4 Ð 0.8
n 5 8, except for reticulocyte counts, where n 5 12. P/E 2/2, P- and E-selectin double-deficient mice.
RT±PCR, we found trace levels of E-selectin transcript comparable with those of wild-type mice. Weights of
other lymphoid organs, such as the thymus and pe-in every organ studied (Figure 3A); expression appeared
ripheral lymph nodes, were also comparable betweenhighest in the lung and bone marrow. We also examined
P/E2/2 and wild-type mice. Microscopic examination ofmRNA by Northern blot of unstimulated heart and lung.
spleen sections disclosed an expanded red pulp (FigureAgain, a trace of message was detected in both organs
4) and increased extramedullary hematopoietic activity(Figure 3B).
(EMH). Histologic examination of thymus, lymph nodesWe consistently observed splenomegaly in double
including Peyer's patches, kidneys, hearts, lungs, brain,mutants. Splenic weights, normalized to body weights,
intestine, and skeletal muscleshowed noobvious abnor-from P/E2/2and wild-type mice were increased about
malities in the double mutants. Three out of ten P/E2/22-fold in favor of the P/E2/2 mice. Spleen weights of
animals examined showed evidence of focal EMH in themice deficient in only P-selectin (P2/2) or E-selectin were
liver. The abnormalities in the spleens and, in some
cases, the livers, which were not seen in mice lacking
a single endothelial selectin, indicate a greatly expanded
hematopoiesis in mice deficient in both endothelial se-
lectins.
The Double Mutation Leads to Elevated
Cytokines and Alterations of Hematopoiesis
We analyzed hematopoiesis in the doubly mutant mice
to seek an explanation for the elevated numbers of white
Figure 3. Analyses of E-Selectin mRNA in Tissues of Wild-Type
Mice
(A) RT±PCR analysis. RNA was isolated from organs (indicated
above) of resting double-deficient (2/2) and wild-type mice (1/1).
Figure 4. Bone Marrow Smears and Splenic HistologyOrgans from two 1/1 mice were pooled. Reverse transcription was
obtained from 4±5 mg of total RNA, and PCR amplification using Femoral bone marrow smears from wild-type (A) and P- and
E-selectin double-deficient mice (P/E2/2) (B). Mature neutrophilsprimers 2 and 3 (see Figure 2B) was performed. A 1.5 kb E-selectin
band was detected in every organ studied, while no detectable (arrow) account for the majority of nucleated cells of the double-
mutant bone marrow with less numerous erythroid precursors (ar-product was obtained from the lungs and hearts of 2/2 mice.
(B) Northern blot. Total RNA of unstimulated hearts (H) and lungs rowhead), whereas a normal myeloid to erythroid ratio is seen in
the wild-type bone marrow. Spleen sections were stained with he-(L) of 2/2 and 1/1 mice was electrophoresed for Northern blot
analysis and probed with the mouse lectin domain sequence. Under matoxylin±eosin. While the red pulp of wild-type spleens (C) is com-
posed mainly of mononuclear cells, the red pulp of P/E2/2 spleens (D)resting conditions, trace of E-selectin transcript is detected in the
lungs and the hearts of 1/1 mice. Note the massive induction is expanded with large numbers of neutrophils (arrow) and increased
hematopoietic activity, as shown by numerous erythroid precursorsof E-selectin in the cardiac and pulmonary tissues of mice treated
with LPS. (arrowhead) Bar, 50 mm.
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Table 2. Bone Marrow Differential Counts
Wild Type P/E 2/2
Nucleated Cell Types (% 6 SEM) (% 6 SEM) p Value
Myeloblasts 0.6 6 0.1 0.8 6 0.2 0.3
Promyelocytes 1.0 6 0.2 2.4 6 0.4 0.02
Myelocytes neutrophil 1.5 6 0.3 3.3 6 0.2 ,0.001
Myelocytes eosinophil 0.1 6 0.1 0.3 6 0.2 0.4
Metamyelocytes neutrophil 4.1 6 0.5 8.7 6 0.9 0.001
Metamyelocytes eosinophil 0.4 6 0.2 0.9 6 0.2 0.09
Bands and rings neutrophil 13.9 6 0.7 20.5 6 1.9 0.009
Bands and rings eosinophil 0.6 6 0.2 1.6 6 0.7 0.2
Polymorphonuclear neutrophils 27.9 6 1.2 38.6 6 2.2 0.002
Polymorphonuclear eosinophils 1.7 6 0.5 2.4 6 0.6 0.3
Monocytes 0.1 6 0.1 0.4 6 0.2 0.3
Lymphocytes 14.9 6 1.1 9.5 6 0.9 0.004
Plasma cells 0.0 6 0.0 0.4 6 0.2 0.1
Pronormoblasts 0.8 6 0.2 0.1 6 0.1 0.003
Basophilic normoblasts 3.6 6 0.6 1.0 6 0.3 0.003
Polychromatophilic normoblasts 27.6 6 2.4 8.9 6 1.2 ,0.001
Orthochromic normoblasts 1.0 6 0.2 0.2 6 0.1 0.006
Myeloid/Erythroid ratio 1.6 6 0.2 8.7 6 1.5 0.001
Differential counts of hematopoietic elements of femoral bone marrows from at least 300 nucleated cells per slide were made. Averages were
obtained from six wild-type and six P/E2/2 mice.
cells. Femoral bone marrows were extracted from wild- elevation of hematopoietic cytokine production in this
genotype. We therefore assayed two hematopoietic cy-type and healthy-appearing 6-week-old P/E2/2 mice to
assess their complement of nucleated cells. Neutro- tokines, granulocyte/macrophage colony-stimulating
factor (GM-CSF) and interleukin-3 (IL-3), in sera of wild-philic granulocytes comprised most of the cells of the
P/E2/2 bone marrow extracts, with an average of 60% type, P2/2, and P/E2/2 mice. While there was a trend
toward increased levels of cytokines in mice deficientsegmented bands and ring forms versus 42% in wild-
type mice (Table 2). Although differentiating myeloid in P-selectin only, doubly deficient animals presented,
on average, a greater than 40-fold elevation in levels ofprecursors were significantly more numerous in thedou-
ble-mutant mice, blast forms were not increased. In con- IL-3 relative to wild-type mice, and GM-CSF levels were
increased 5-fold (Table 4).trast, precursor cells from the erythroid lineage were
underrepresented (Table 2). Consequently, the myeloid
to erythroid ratio was increased more than 5-fold. The Occurrence of an Ulcerative Cutaneous
Infection in P- and E-Selectin Double Mutantstotal cellularity of femoral marrows was comparable be-
tween wild-type and double-mutant mice (1.6 6 0.1 3 The consistent findings of leukocytosis and splenic en-
largement suggested the possibility of an infection in107 versus 1.9 6 0.2 3 107 nucleated cells, n 5 12). Bone
marrow morphology and cellular composition were nor- these P/E2/2 mice that are potentially immunocompro-
mised. We first sought pathogenic microorganisms inmal in P-selectin-deficient mice (Johnson et al., 1995)
and in E2/2 mice (data not shown). three P/E2/2 mice aged 8±12 weeks. Blood cultures (for
bacteria and fungi), extensive viral serologies, and aTo assess myeloid and erythroid progenitor cells, we
plated bone marrow and spleen cells into semi-solid search for parasites all returned negative. These results
suggested that the above abnormalities were not sec-media containing appropriate hematopoietic growth
factors. Colony-forming units-granulocyte/macrophage ondary to a detectable infectious process. We subse-
quently noticed, however, an increased incidence of a(CFU-GM) and erythroid-burst-forming units (BFU-E)
were counted after 7 days. In contrast with the bone perinasal cellulitis with or without ulceration in double-
deficient mice. In a cohort of 388 wild-type (n 5 97),marrow, the splenic cellularity was increased 2-fold in
P/E2/2 mice (1.4 6 0.3 3 108 versus 2.7 6 0.2 3 108; double-heterozygous (n 5 190), and double-homozy-
gous (n 5 101) mice, 11 double mutants developed thisp 5 0.006), which parallels the increased spleen weight.
Bone marrows from double-mutant and wild-type mice condition (all aged >8 weeks), whereas none of the het-
erozygotes or wild-type littermates did at a median ageharbored similar proportions of CFU-GM and BFU-E (Ta-
ble 3), whereas the total numbers of CFU-GM and BFU-E of approximately 11 weeks. The prevalence of the skin
disorder increases with age, the majority of the micerecovered fromspleens of P/E2/2 mice were significantly
increased (Figure 5). We next assayed CFU-GM and older than 4 months being affected. Afflicted mice pre-
sented very high leukocyte counts (73,200 6 8,900,BFU-E in 14.5-day-old fetal liver. Numbers of CFU-GM
and BFU-E were not significantly different between wild- n 5 6), which is severalfold higher than that seen in
asymptomatic P/E2/2 mice (Table 1). This chronic celluli-type and P/E2/2 mice, suggesting that the abnormalities
in hematopoiesis were acquired after birth (Table 3). tis, which becomes ulcerative, may evolve to the anterior
cervical and upper thoracic regions (Figure 6A) or toThe observed increased hematopoietic activity in
adult P/E2/2 mice might be a response to systemic periorbital areas, producing conjunctivitis. Fatalities
Cell
568
Table 3. Hematopoietic CFU
Wild Type P- and E-Selectin 2/2
Colonies CFU-GM BFU-E CFU-GM BFU-E
Fetal liver
(number of colonies/106 nc) 140 6 9 38 6 2 134 6 3 32 6 3
Bone marrow
(number of colonies/106 nc) 3940 6 388 247 6 49 4831 6 377 307 6 46
Spleen
(number of colonies/106 nc) 137 6 25 74 6 17 331 6 61a 108 6 24
Femoral bone marrow and splenic cells were isolated from 6- to 8-week-old mice, and fetal liver cells were obtained from day 14.5 fetuses.
After disruption to single cells, the cellularity was determined by counting nucleated cells (nc).
a p , 0.02, compared with wild-type mice; n 5 6 in each group.
were observed in mice older than 3 months. Opportunis- treated littermates did. The high prevalence and the
severity of this infection in mice deficient in both endo-tic bacteria (most commonly Staphyloccocus xylosus
and Streptococcus viridans) have been recovered from thelial selectins, not observed in our colonies of mice
lacking either P-selectin or E-selectin, suggest that dou-skin cultures of these animals. When compared with
histologic sections of another chronic ulcerative derma- ble-deficient mice present some degree of immunodefi-
ciency.titis occurring in C57BL/6 mice (obtained from Dr. R.
Bronson, School of Veterinary Medicine, Tufts Univer-
sity), neutrophil numbers at the lesion sites of P/E2/2 Leukocyte Rolling in Inflamed Venules Is
mice were markedly reduced. The low number of neutro- Severely Impaired in P- and E-Selectin
phils in lesions was also reflected by the histology of Double-Deficient Mice
draining lymph nodes. These showed only few small To evaluate the role of P- and E-selectins in leukocyte
germinal centers interspersed with sheets of plasma rolling under inflammatory conditions, we treated mice
cells and were devoid of macrophages and neutrophils, with tumor necrosis factor a (TNFa) 3.5 hrprior to intravi-
which normally occupy the interfollicular space of lymph tal microscopy of mesenteric venules (Table 5).Although
nodes draining suppurative lesions. Such lymph nodes baseline rolling is virtually absent in P-selectin-deficient
contrast with those of healthy-appearing P/E2/2 mice mice (Mayadas et al., 1993), many rolling leukocytes
and may result from the impaired extravasation of neu- can be observed after stimulation with TNFa (Ley et al.,
trophils. 1995). However, the rolling flux was significantly lower
To establish a causal relationship between lesions and in our analysis of P2/2 mice as compared with wild-type
bacteria, a cohort of healthy-appearing double-mutant animals (p 5 0.001). The rolling in E2/2 mice after TNFa
mice aged 5±7 weeks were given broad spectrum antibi- treatment was not reduced relative to wild type (data
otics for 8 weeks. Control P/E2/2 littermates received not shown). Double mutants showed a 46-fold reduction
regular water for the same period of time. While five in rolling compared with wild-type mice (p < 0.001) and
of 12 control P/E2/2 mice developed the skin infection a 20-fold decrease relative to animals lacking P-selectin
(including one death), none of 11 prophylactically (p < 0.001), demonstrating that both P- and E-selectins
contribute significantly to leukocyte rolling in inflamed
venules. In P2/2 mice stimulated with TNFa, the affinity
of leukocytes for inflamed venules seemed enhanced
compared with wild-type controls, as shown by their
lower velocity (p 5 0.02) and shape distortion, forming
a uropod-like structure (Figure 7). In contrast, the veloc-
ity of the rare rolling leukocytes seen in P/E2/2 mice
was, on average, much greater than in animals of the
other two genotypes (p < 0.001). The number of cells
adherent to the venular wall, while similar in wild-type
and P-selectin knockout mice, was lower in the double
mutants (p < 0.001), indicating a major combined role
for P- and E-selectins in arrest of leukocytes after TNFa
stimulation.
Table 4. Hematopoietic Cytokine Levels
Cytokine Wild Type P2/2 P/E2/2aFigure 5. Culture Assays of CFU in the Spleen
IL-3 (pg/ml) 7.4 6 2.1 12.1 6 3.0 317 6 140Nucleated cells from spleens were isolated, and absolute numbers
GM-CSF (pg/ml) 0.4 6 0.2 1.2 6 1.1 2.1 6 0.8of CFU-GM and BFU-E were determined. CFU-GM and BFU-E were,
respectively, 4.8-fold and 2.9-fold increased in P/E2/2 relative mice n 5 12 for wild type and P/E2/2; n 5 8 for P/E2/2.
to wild-type mice. Double asterisks, p 5 0.003; number sign (#), a p , 0.05 versus wild type.
p 5 0.03.
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mice in the first 4 hr (Figure 8). However, at the 8 hr
timepoint, double mutants exhibited a greater than
5-fold reduction compared with wild-type mice (p <
0.001) and a 2.5-fold reduction relative to P-selectin
knockouts (p 5 0.02). The defect in neutrophil emigration
occurred despite several times more circulating neutro-
phils in the double mutants. These results are consistent
with the inhibition of neutrophil recruitment by anti-P-
selectin antibody in E-selectin null mice (Labow et al.,
1994).
Discussion
Deficiency in Both Endothelial Selectins
Markedly Perturbs Leukocyte Homeostasis
The elevation in most classes of peripheral blood leuko-
cytes in the P/E2/2 mice (Table 1) is significantly greater
than that reported in other strains of mice deficient in
various vascular adhesion molecules (Mayadas et al.,
1993; Sligh et al., 1993; Arbones et al., 1994; Xu et al.,
1994). Neutrophil numbers are elevated only 1- to 4-fold
in these singly deficient animals. In particular, mice defi-
cient in individual selectins show mild neutrophilia in
the case of P2/2 mice (2.4-fold; Mayadas et al., 1993) or
no increase in the case of L2/2 (Arbones et al., 1994)
Figure 6. Ulcerative Dermatitis in P- and E-Selectin Double-Defi- or E2/2 mice (our data). The 16-fold elevation in blood
cient Mice neutrophils in the P/E2/2 mice, first, indicates coopera-
(A) Photograph showing the ulcerative dermatitis in the P/E2/2 mice tive functions of the two endothelial selectins and, sec-
(right) not found in wild-type animals (left). Gram stain of histologic ond, suggests that these two selectins play central roles
section of wild-type (B) perinasal cutaneous tissueshowing a normal
in leukocyte homeostasis.epidermis and dermis compared with the ulcerated skin of P/E2/2
The increased leukocyte numbers likely arise frommice (C), whose epidermis is replaced by a serocellular crust con-
several mechanisms (Figure 9). Some of the elevationtaining large clusters of gram-positive cocci (arrowhead). The nor-
mal structures of the skin such as hair follicles (arrow) are no longer presumably follows from elevated cytokine levels and
recognizable. Bacterial cultures of the tissues of both mice (B and subclinical infections (see below). However, the fact
C) revealed S. xylosus organisms. Bar, 50 mm. that overtly healthy animals show elevated neutrophil
counts, and even newborn pups exhibit a 3.3-fold in-
crease, suggests that some increase in neutrophils is aNeutrophil Influx in Chemically Induced
Peritonitis Is Compromised in Mice Lacking direct consequence of the absence of P- and E-selectins
and is independent of bacterial infections. We haveBoth Endothelial Selectins
P-selectin-deficient mice exhibit delayed extravasation shown greatly reduced leukocyte rolling (Table 5) and
extravasation (Figure 8) in the P/E2/2 mice and haveof neutrophils to inflamed peritoneum compared with
wild-type mice (Mayadas et al., 1993). This difference, reported previously that in P2/2 mice, in which rolling
and extravasation are less severely compromised (Tablemaximal in the first 2 hr after inflammatory stimuli, nar-
rows at the 4 hr timepoint, possibly owing to E-selectin 5; Figure 8; Mayadas et al., 1993), there is an increase
in neutrophil half-life (t1¤2) in the circulation (Johnson etexpression. To investigate whether E-selectin plays a
role in the recruitment of neutrophils to inflamed sites al., 1995). The P/E2/2 mice might, therefore, be expected
to show at least an equivalent increase in t1¤2, with anand to determine the cooperative function of the two
endothelial selectins in this activity, we intraperitoneally accompanying increase in numbers of circulating leuko-
cytes.injected mice with thioglycollate. The rate of extravasa-
tion of neutrophils in P/E2/2 mice paralleled that of P2/2 A function for P- and E-selectins in regulating the
Table 5. Leukocyte Rolling on TNFa-Stimulated Venules
Rolling Characteristics Wild Type P2/2 P/E2/2
Number rolling (per minute) 18.4 6 1.8 8.0 6 0.9 0.4 6 0.2
Number adherent (per 100 mm) 6.7 6 0.8 5.7 6 0.7 1.1 6 0.4
Leukocyte velocities (mm/s) 8.2 6 1.7 2.7 6 0.4 25.9 6 3.3a
Shear rates (s21) 492 6 43 516 6 56 561 6 102
Venular size (mm) 31.1 6 1.9 33.7 6 2.2 32.1 6 2.0
Mice were prepared 3.5 hr after administration of TNFa. The number of rolling leukocytes was quantitated by counting the cells passing
through a perpendicular plane in 1 min. Averages were obtained from ten counts for wild-type or P-selectin-deficient mice (P2/2) and from
the entire filming period for P- and E-selectin double-deficient mice (P/E2/2).
a n 5 3, owing to rare leukocyte rolling; elsewhere, n 5 6±7.
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Figure 7. Leukocyte Rolling in TNFa-Stimu-
lated Mesenteric Venules
Mice were treated with TNFa 3.5 hr prior to
intravital microscopy of the mesentery. Most
leukocytes rolling in wild-type venules main-
tained their round shape. Adherent leuko-
cytes are indicated by arrowheads. The roll-
ing velocity in P-selectin-deficient venules
(P2/2) was reduced (see Table 5), with fre-
quent formation of uropod-like structures
(arrow) suggesting cellular activation. Leuko-
cyte rolling was nearly absent, and the num-
ber of adherent cells was markedly reduced,
in P- and E-selectin double-deficient mice
(P/E2/2). The blood flow is from top to bottom.
Bar, 20 mm.
levels of leukocytes independent of infection or inflam- that selectin-mediated rolling might not be necessary
under conditions of low shear stress (Yamada et al.,mation is unexpected. Both of these selectins have pre-
1995). The phenotype of these mice shows that selectinsviously been reported to be elevated only on activated
are indeed necessary for effective rolling, adhesion, andendothelium. We report here that low levels of E-selectin
extravasation and that their functions cannot be re-mRNA can be detected in many tissues of healthy wild-
placed by integrins. Furthermore, our results show thattype mice (Figure 3), adding further support to the argu-
L-selectin expressed on leukocytes cannot substitutement that E-selectin, together with P-selectin, plays an
for the endothelial selectins. Although L-selectin hasunsuspected role in normal homeostasis of leukocytes.
been implicated in rolling (Ley et al., 1991; Arbones etBasal expression of endothelial selectins, either consti-
al., 1994), an inducible ligand for L-selectin (unless it istutive or in response to normal bacterial flora (or both),
one of the endothelial selectins, as suggested by Pickerapparently is essential for maintaining normal leukocyte
et al. [1991]) is not sufficient to mediate rolling afterlevels.
TNFa activation (Table 5) or for adequate extravasationRolling and adherence of leukocytes in response to
in response to peritoneal inflammation (Figure 8) or bac-such basal expression, or at higher levels after infection
terial infection (Figure 6). L-selectin-deficient mice showor inflammation, is clearly dependent on the endothelial
no elevations in circulating leukocytes and are not sub-selectins, at least in mesenteric venules (Table 5). The
ject to spontaneous bacterial infections, although theyreduced extravasation of neutrophils into the skin and
do show deficiencies in leukocyte recruitment to in-the development of infectious ulcerative dermatitis in
duced inflammatory sites (Arbones et al., 1994). TakenP/E2/2 mice (Figure 6) indicate that the same is true even
together, the results on P/E2/2 and L2/2 mice suggestin the small vessels of the skin, where shear rates are
a primary role for endothelial selectins in response tolower than in other vascular beds. It has been suggested
infection and inflammation. In contrast, homing of lym-
phocytes to peripheral lymph nodes is markedly de-
pressed in L2/2 mice (Arbones et al., 1994), resulting in
small nodes with few germinal centers, while the size
and morphology of peripheral lymph nodes appear nor-
mal in our P/E2/2 mice; L-selectin appears primary in
this aspect of leukocyte traffic. The defect in leukocyte
homeostasis in the P/E2/2 mice is as strong as that in
LAD-1 patients lacking b2 integrins, indicating that roll-
ing mediated by endothelial selectins is as important as
adhesion mediated by b2 integrins. Perhaps leukocyte
rolling on endothelial selectins contributes to the leuko-
cyte activation necessary for adhesion. This idea gains
some support from recent results showing a necessary
role for P-selectin together with platelet-activating fac-
tor in monocyte activation (Weyrich et al., 1995) and
from the activated appearance of leukocytes rolling on
E-selectin alone (Figure 7).
Animals Deficient in Both P- and
E-Selectins Are Susceptible to
Figure 8. Peritoneal Neutrophil Influx after Thioglycollate Injection Opportunistic Skin Infections
Peritoneal lavages were performed at intervals following thioglycol- The central importance of P- and E-selectins acting to-
late administration; total cell numbers weredetermined with a hemo-
gether is further underlined by the high prevalence ofcytometer; and the percentage of neutrophils was obtained. Four
spontaneous bacterial dermatitis in mice lacking bothto ten animals of each genotype were used per timepoint except
(Figure 6).The prevention of this dermatitis by oral antibi-for 0 hr (n 5 3). Asterisk, p < 0.001; number sign (#), p 5 0.02,
compared with P/E2/2. otics indicates that these life-threatening infections are
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Figure 9. Schema Illustrating Putative Path-
ways Causing Alterations in Leukocyte Ho-
meostasis in Mice Lacking Endothelial Se-
lectins
Absence of both endothelial selectins drasti-
cally reduces rolling and extravasation of leu-
kocytes. This produces elevation of blood
leukocyte numbers, probably as a conse-
quence of increased half-life in the circulation
and reduced numbers of tissue leukocytes.
Cytokine levels rise, probably from a variety
of causes: increased growth of endogenous
bacterial flora, higher blood leukocyte levels
releasing cytokines, and, possibly, feedback
stimulation owing to the reduced numbers of
tissue leukocytes. The elevated cytokines
cause increases and alterations in hematopoiesis, further elevating the blood leukocyte numbers. Despite the excessive numbers of leukocytes
in blood, tissue leukocyte numbers remain low, and subclinical bacterial infections progress to become life threatening.
not secondary to nonbacterially derived (i.e., autoim- Since CFU-GM and BFU-E are not elevated in fetal
liver, it appears that most or all of the alterations inmune) inflammation and are due to opportunistic infec-
tions by normal bacterial flora. In other words, the ab- hematopoiesis arise postnatally, perhaps in response
to subclinical bacterial infections (Figure 9). In supportsence of endothelial selectins produces a state of
immunodeficiency, reminiscent of LAD-1 and LAD-2. of this possibility, circulating leukocytes are even further
increased in animals showing obvious signs of infection.Such spontaneous infections have not been observed
in other strains of mice deficient in vascular adhesion The bone marrow exhibits a major increase in cells of the
myeloid lineage, although not in the earliest precursors,molecules, including mice lacking individual selectins
(Mayadas et al., 1993; Arbones et al., 1994; Labow et CFU-GM and myeloblasts (Tables 2 and 3; Figures 4 and
5), whereas the erythroid lineage is underrepresentedal., 1994) or mice largely lacking b2 integrins (Wilson et
al., 1993) or their ligand, intercellular adhesion molecule (Table 2). It has beenreported previously that erythropoi-
esis is elevated in thespleen and elsewhere when myelo-1 (Sligh et al., 1993; Xu et al., 1994).
The development of spontaneous infections in the poiesis in the bone marrow is enhanced (Molineux et
al., 1990). Such is the case in the P/E2/2 mice, whichskin is likely a direct consequence of the markedly re-
duced leukocyte rolling and extravasation in the P/E2/2 show elevated BFU-E in the spleen and EMH in the
liver. CFU-GM were also elevated in the spleen. Thus,mice (Figures 6 and 8). This presumably leads to reduced
numbers of tissue leukocytes, which would normally a plausible explanation for the altered patterns of hema-
topoiesis is that elevation of cytokines leads to en-block progression of these infections (Figure 9). Clearly,
either P- or E-selectin is sufficient to preclude clinical hanced granulocytopoiesis in the bone marrow and
spleen and to displacement of erythropoiesis to theinfection, while L-selectin acting alone isnot, and neither
are b2 integrins, with or without cooperating b1 inte- spleen and liver (Figure 9).
However, it is also possible that the endothelial selec-grins. These results suggest that absence of ligands for
endothelial selectins is likely the major contributor to tins participatedirectly in homing, proliferation, or differ-
entiation of hematopoietic cells. Primitive hematopoieticthe infectious aspects of the LAD-2 syndrome. They also
raise concerns about the possible side effects of long progenitors have been reported to bind P-selectin and
to express P-selectin glycoprotein ligand-1 (PSGL-1)term use of anti-inflammatory drugs that target both
(Zannettino et al., 1995). Since PSGL-1 is a signalingendothelial selectins. The further elevation of circulating
molecule regulating cytokine production in monocytesleukocytes in the infected mice resembles that seen in
(Weyrich et al., 1995) and is a common ligand for bothboth LAD syndromes during infectious episodes and
P- and E-selectins (Asa et al., 1995), it might have a rolepresumably reflects elevated granulopoiesis in re-
in regulation of hematopoietic cell functions. Notably,sponse to elevated cytokine levels induced by the devel-
Banu et al. (1995, Blood 86, abstract) recently reportedoping bacterial infection (Figure 9).
increased numbers of IL-3-responsive megakaryocyte
progenitors in the bone marrow of P2/2 mice comparedAbsence of Endothelial Selectins Causes
with wild-type controls, suggesting the possibility ofAlterations in Hematopoiesis
negative regulation of hematopoietic progenitors by in-Both myeloid precursors and hematopoietic cytokines
teractions between selectins and their ligands. It is alsowere significantly elevated in overtly healthy P/E2/2 mice
worth noting that we detect significant levels of E-selec-(Tables 2±4). The elevation of cytokine levels could arise
tin mRNA in bone marrow of normal wild-type mice (Fig-from several causes (Figure 9). Elevated numbers of
ure 3). The alterations in hematopoiesis in mice lackingcirculating leukocytes could themselves release higher
endothelial selectins may therefore originate from sev-levels of cytokines than normal. Alternatively, reduction
eral mechanisms leading to either a primary or a second-in tissue leukocytes could trigger a positive feedback
ary dysregulation of hematopoiesis.loop, inducing enhanced granulopoiesis. Such positive
feedback loops have been invoked for other hematopoi- Altered hematopoiesis has not been reported in
etic lineages (Schooley and Mahlmann, 1972; Odell et mice deficient in other vascular adhesion receptors. In-
deed, the rather modest elevations in circulating cellsal., 1979; Bartocci et al., 1987).
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cassette (59-CAC GAG ACT AGT GAG ACG TG-39) with a reversehave not prompted such investigations. However, more
primer (59-AGA GTT ACT CTT GAT GTA GAT CTC C-39), yieldingsubtle defects in distributions and development of he-
322 bp wild-type or 479 bp mutant fragments (or both). The PCRmatopoietic precursors might well be revealedby further
assay for E-selectin used the same PGK forward primer with a
analyses of those mice, and given our results radical forward primer from the lectin domain of mouse E-selectin (59-GGA
alterations in hematopoiesis are to be expected in LAD CTG TGT AGA GAT TTA CAT CC-39) and a reverse primer from the
EGF domain (59-GCA GGT GTA ACT ATT GAT GGT-39) producingpatients.
a 664 bp wild-type or 315 bp mutant fragments (or both). PCRIn conclusion, the phenotypic alterations in mice defi-
conditions were 40 cycles of 948C for 1 min, 608C for 2 min, andcient in both endothelial selectins reveal unanticipated
728C for 3 min.functions of these receptors. They play complementary
roles in the regulation of several aspects of leukocyte Northern Blot and RT±PCR Analysis
dynamics even in the absence of obvious infection, in- Mice were treated with LPS from Escherichia coli O55:B5 (Difco) at
flammation, or vascular injury and even more so when 20 mg per gram of body weight 4 hr prior to harvesting the lungs
and hearts for total RNA extraction (RNA Stat-60, Tel-test ªBº). Wethese occur. Absence of these two selectins is not com-
electrophoresed 30 mg of total RNA on a 1.2% agarose gel con-pensated by the continued presence of L-selectin or
taining 0.66 M formaldehyde. After RNA transfer to nylon membrane,other adhesion receptors and leads to the early death
E-selectin transcript was detected with an EcoRI±SphI 1.3 kb rat
of the deficient mice. It appears that their functions are E-selectin cDNA fragment (Fries et al., 1993) provided by Dr. T.
as crucial as those of b2 integrins and, indeed, are es- Collins (Brigham and Women's Hospital, Boston, MA). Prehybridiza-
sential for effective action of the integrin class of recep- tion and hybridization conditions were as described above, except
that the washing temperature was 458C. Detection of P-selectintors in leukocyte adhesion.
mRNA was performed with a 1.7 kb fragment of the 39 end of mouse
P-selectin cDNA (basepairs 1406±3075), a gift from Dr. D. VestweberExperimental Procedures
(Max-Planck Institut fuÈ r Immunobiologie, Freiburg, FRG; Weller et
al., 1992). For RT±PCR assays, first strand cDNA conversion of 3±5Construction of E-Selectin Targeting Vector
mg of total RNA used MoMLV reverse transcriptase (GIBCO) andAmplified l phage libraries made from the 129/Sv mouse strain
oligo(dT) as primer. One tenth of the reaction volume served as(gift from Drs. H. Wu and R. Jaenisch, Massachusetts Institute of
template for standard PCR with oligonucleotides from the secondTechnology; Stratagene) were screened with a 289 bp PCR product
complement repeat (59-AAA TCC TGG GAG CTA CCC-39) and thefrom the lectin domain of mouse E-selectin. The genomic clones
transmembrane domain (59-CAG GAG TGA GGT TCC TGC-39) ofwere subcloned into pBluescript (Stratagene). The XhoI±ClaI PGK-
E-selectin.hygr cassette (XhoI blunted) was inserted between the 3.2 kb NsiI±
BamHI (BamHI blunted) and 3.9 kb NsiI±SmaI genomic sequences.
Immunofluorescence Staining, Flow Cytometry,The resulting 9.1 kb fragment was inserted between two HSVtk
and ELISAcassettes (see Figure 1A). The final 17.5 kb construct was linearized
Cardiac tissues were snap frozen. Cryostat sections (5 mm) werewith NotI for transfection.
fixed in 3.7% (v/v) formaldehyde and permeabilized in 0.5% Triton
X-100 in phosphate-buffered saline (PBS). Tissue sections wereCell Culture, Transfection, and Selection
incubated for 30 min with rat polyclonal antibody to mouse E-selec-D3 ES cells, clone 32, heterozygous for a P-selectin null mutation
tin (provided by Dr. B. Wolitsky of Hoffmann±La Roche) 1:100, fol-were cultured on mitotically inactivated mouse embryonic fibro-
lowed by a 30 min incubation at 378C with fluorescein-conjugatedblasts (MIMEF) in standard ES cell medium (Mayadas et al., 1993).
goat antibody to rat IgG (Cappel) 1:100. Leukocytes in whole bloodES cells were electroporated (240 V, 500 mF) with 25 mg of linearized
were stained for flow cytometry for 30 min at room temperature withDNA construct and plated on STO feeder cells (Sawai et al., 1991)
fluorescein-conjugated rat monoclonal antibody to L-selectin (MEL-resistant to hygromycin B in ES cell medium with increased LIF
14; Pharmingen) 1:50 and phycoerythrin-conjugated rat monoclonal(2 3 103 U/ml). Hygromycin B (150 mg/ml) was added 24 hr post-
antibody to the mouse aM subunit (Boehringer±Mannheim) 1:50 ortransfection. Clones were picked from days 6 to 9 and grown without
phycoerythrin-conjugated rat monoclonal antibody to mouse my-selection drugs on MIMEF.
eloid differentiation antigen (Gr-1) 1:50. Analysis of 150,000 events
was performed on FACSCAN flow cytometer (Becton±Dickinson).Southern Blot Analysis to Identify Targeted Clones
Enzyme-linked immunosorbent assays (ELISAs) for IL-3 and GM-Genomic DNA was isolated from ES cells (Mayadas et al., 1993) and
CSF were performed as suggested by the manufacturer (Endogen).digested with SacI, and fragments were separated on a 1% agarose
gel. The DNA was transferred to nylon membrane (Zeta-Probe). A
Blood Counts, Bone Marrow Analysis, Histology, and600 bp MscI±BamHI genomic fragment upstream to the targeting
Antibiotic Administrationconstruct was used as a probe. Blotswere prehybridizedand hybrid-
Blood was obtained by retro-orbital venous plexus sampling in poly-ized in 0.75 M sodium phosphate (pH 7.0), 1 mM EDTA, 7% SDS,
propylene tubes containing EDTA. Blood from neonatal mice was1% bovine serum albumin (BSA), 100 mg/ml salmon sperm DNA at
harvested by severing the jugular vein with fine scissors and was658C for 12±18 hr. Filters were then washed twice in 50 mM sodium
collected as above using heparin-coated capillary tubes. Completephosphate, 1% SDS, 1 mM EDTA, 0.5% BSA and twice in the same
blood counts were determined using an automatic cell countersolution without BSA at 658C. DNA from positive clones was probed
(Coulter) and differential counts on Wright-stained smears (Harleco).with hygr to ensure a single integration of the targeting vector. The
Reticulocyte counts were obtained by staining blood for 10 minintegrity of the previous P-selectin mutation was assessed by ana-
using a 1:1 dilution of 5 g/l methylene blue solution. The percent oflyzing BamHI genomic digests (Mayadas et al., 1993).
reticulocytes was assessed by counting 1000 erythrocytes from
smears. Femoral bone marrows were flushed with 50 ml of PBS withGeneration of Chimeric Mice and
10 mM EDTA, and smears from the cell suspension were made.Genotyping of Progeny
Formalin-fixed tissues were paraffin embedded, sectioned, andChimeric animals were prepared as described previously (Mayadas
stainedwith hematoxylin±eosin. Toprevent theoccurrence of bacte-et al., 1993), and genomic DNA of F1 generation was analyzed by
rial dermatitis, mice were treated orally with trimethoprim (24 mg/hybridizing sequentially Southern blots of BamHI digests with the
dl) and sulfamethoxazole (120 mg/dl) in water for 8 weeks.E-selectin, P-selectin, hygr, and neomycin probes as described
above. Genotyping of subsequent generations was performed by
PCR assays for P-selectin, E-selectin, or both. The P-selectin assay Hematopoietic Colony Formation Assays
Femurs were dissected and washed in sterile cold Hanks' balancedused forward primers from exon 3 of murine P-selectin (59-TTG TAA
ATC AGA AGG AAG TGG-39) and from the PGK promoter of the neor salt solution (HBSS). Both ends were trimmed, and the marrow plug
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was aseptically flushed with 1 ml of minimum essential medium and leukocyte rolling and migration are impaired in L-selectin-defi-
cient mice. Immunity 1, 247±260.(MEMa) containing 2% FBS, 100 U/ml penicillin, and 100 mg/ml
streptomycin (MEM complete medium), using a 21 gauge needle. Asa, D., Raycroft, L., Ma, L., Aeed, P.A., Kaytes, P.S., Elhammer,
A single cell suspension was obtained by gently aspirating several A.P., and Geng, J.G. (1995). The P-selectin glycoprotein ligand func-
times with the same needle and syringe. Spleens were removed and tions as a common human leukocyte ligand for P- and E-selectins.
washed in HBSS, and cells were extracted through a stainless steel J. Biol. Chem. 270, 11662±11670.
grid. Cells from both organs were added at a 1:10 (v/v) ratio in
Baker, M., and Wayland, H. (1974). On-line volume flow rate and
Methocult GF M3434 (Stemcell Technologies). Bone marrow and
velocity profile measurement for blood in microvessels. Microvasc.
spleen cells were plated at a density of 1.5 3 104 or 1 3 105 cells
Res. 7, 131±143.
per dish, respectively, in duplicate assays. For fetal hematopoietic
Bartocci, A., Mastrogiannis, D.S., Migliorati, G., Stockert, R.J., Wol-progenitors, 14.5-day-old livers from wild-type andP/E2/2 mice were
koff, A.W., and Stanley, E.R. (1987). Macrophages specifically regu-disrupted to single cells by passing through 18, 21, and 26 gauge
late the concentration of their own growth factor in the circulation.needles. Cells were washed in MEM complete medium, and 5 3 104
Proc. Natl. Acad. Sci. USA 84, 6179±6183.cells were plated per dish.
Bevilacqua, M.P., Pober, J.S., Mendrick, D.L., Cotran, R.S., and
Gimbrone, M.A. (1987). Identification of an inducible endothelial-Analysis of Leukocyte Rolling by
leukocyte adhesion molecule. Proc. Natl. Acad. Sci. USA 84, 9238±Intravital Microscopy
9242.Mice were treated with murine TNFa (Genzyme), 0.5 mg in 500 ml of
Butcher, E.C. (1991). Leukocyte-endothelial cell recognition: threePBS, intraperitoneally. The mesentery was prepared (Johnson et
(or more) steps to specificity and diversity. Cell 67, 1033±1036.al., 1995), and venules 28±40 mm in size were recorded for 20 min.
Centerline erythrocyte velocity (Vrbc) was measured using an optical Etzioni, A., Frydman, M., Pollack, S., Avidor, I., Phillips, M.L., and
Doppler velocimeter (Microcirculation Research Institute, Texas Gershoni-Baruch, R. (1992). Recurrent severe infections caused by
A & M College of Medicine, TX). Venular shear rate (t) was calculated a novel leukocyte adhesion deficiency. N. Engl. J. Med. 327, 1789±
based on Poiseuille's Law for a Newtonian fluid: t 5 8(Vmean/Dv), 1792.
where Dv is the diameter of the venule and Vmean is estimated from Fries, J.W.U., Williams, A.J., Atkins, R.C., Newman, W., Lipscomb,
the measured Vrbc using the empirical correlation Vmean 5 Vrbc/1.6 M.F., and Collins, T. (1993). Expression of VCAM-1 and E-selectin
(Baker and Wayland, 1974). The number of rolling leukocytes per in an in vivo model of endothelial activation. Am. J. Pathol. 143,
minute was determined by taking five counts of 1 min in the first 10 725±737.
min of filming and a second set of five counts during the latter half
Frydman, M., Etzioni, A., Eidlitz-Markus, T., Avidor, I., Versano, I.,of recording. The velocity of leukocyte rolling was determined by
Shechter, Y., Orlin, J.B., and Gershoni-Baruch, R. (1992). Rambam-measuring, field by field, the distance traveled in a given time by
Hasharon syndrome of psychomotor retardation, short stature, de-20 consecutive leukocytes. Cells were considered adherent if they
fective neutrophil motility, and Bombay phenotype. Am. J. Med.remained stationary for >30 s and were counted over a venular
Genet. 44, 297±302.segment of 100 mm.
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